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(54) Apparatus for X-ray analysis 

(57) Specific incident monochromator means (52) 
and a microfocus X-ray source (32) with an apparent 
focal spot size of less than 30 micrometers are com- 
bined to accomplish that the X-ray source (32) can be 
close to the monochromator means (52) and the inten- 
sity of X-rays focused on a sample (50) is greatly 
increased. A side-by-side composite monochromator 
(52) is arranged between the X-ray source (32) and the 
sample (50). The composite monochromator (52) has a 
first and a second elliptic monochromators (38, 40) 
each having a synthetic multilayered thin film with 
graded d- spacing. The first elliptic monochromator (38) 
has one side which is connected to one side of the sec- 
ond elliptic monochromator (40). A preferable apparent 
focal spot size D of the X-ray source (32) may be 10 
micrometers. Because the invention provides a high 
focusing efficiency for X-rays, it is not required to use a 
high-power X-ray tube. The X-ray tube in the embodi- 
ment has a stationary-anode, whose power may be 
about 7 Watts. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] This invention relates to apparatus for X-ray analysis which uses a composite monochromator having com- 
bined two elliptic monochromators, the composite monochromator being arranged between an X-ray source and a sam- 
ple. 

[0002] In the field of X-ray analysis, there has always been required to make the X-ray intensity as high as possible. 
A stationary-anode X-ray tube (e.g., 0.4 mm x 12 mm in focal spot size and 2.2 kW in maximum power) has a limit for 
increasing the X-ray intensity. To overcome this limitation, a rotating-anode X-ray tube which provides a higher X-ray 
intensity has been developed and used. There has also been used synchrotron radiation which provides a much higher 
X-ray intensity. The X-ray generator having such a higher X-ray intensity, however, is big and complicated in handling, 
and further spends much energy. Under the circumstances, there is more and more required to develop apparatus for 
X-ray analysis which can increase the X-ray intensity on a sample even though it can be handled easily in laboratories. 
[0003] Assuming that a sample is set at a distance of several hundred millimeters apart from an X-ray source and an 
X-ray beam is incident on the sample directly from the X-ray source, the sample receives only a very small percentage 
of the X-rays which are emitted in every directions from the focal spot on the target of the X-ray source. Accordingly, it 
is known that optical elements such as mirrors or monochromators are used to focus X-rays on the sample. Persons in 
the art has sought for an improved focusing efficiency of such an X-ray optical system to save energy further. 
[0004] Ellptic or parabolic focusing elements with a synthetic multilayered thin film have recently been developed and 
given attention by persons in the field of X-ray analysis, the elements having high focusing efficiencies and high reflec- 
tivity for X-rays of a predetermined wavelength of interest The focusing elements of this type are disclosed, for exam- 
ple, in U S. Patent Nos. 5,799.056; 5,757,882; 5.646,976; and 4.525,853; and M. Schuster and H. Gobel. "Parallel- 
Beam Coupling into Channel-Cut Monochromators Using Curved Graded Multilayers". J. Phys. D: Appl Phys. 
28(1 995)A270-A275, Printed in the UK; G. Gutman and B. Verman, "Comment, Calculation of Improvement to HRXRD 
System Through-Put Using Curved Graded Multilayers". J. Phys. D: Appl. Phys. 29(1996)1675-1676. Printed in the UK; 
and M. Schuster and H. Gobel. "Reply to Comment Calculation of Improvement to HRXRD System Through-Put Using 
Curved Graded Multilayers". J. Phys. D: Appl. Phys. 29(1996)1677-1679, Printed in the UK. There are further disclosed 
structures of the synthetic multilayered thin film for-X-ray reflection and methods for producing them, for example, in 
Japanese Patent Post-Exam Publication No. 94/46240 and US. Patent No. 4,693.933. 

[0005] The synthetic multilayered thin film acts as a focusing monochromator for X-rays. It is certain that a combina- 
tion of an ordinary X-ray source and the above focusing-type synthetic multilayered thin film may greatly increase the 
X-ray intensity on a sampla 

[0006] There will now be described with reference to FIGS. 5 to 12 the shape; structure and function of the prior-art 
elliptic monochromator having the synthetic multilayered thin film. First, the meaning of the terms "elliptic monochroma- 
tor", "elliptic-arc surface" and "focal axis" will be described. Referring to FIG. 5. a three-dimensional rectangular coordi- 
nate axis XYZ is set in space and an ellipse 10 is drawn in an XY-plane. Imagining a curve 12 which is a portion of the 
ellpse 10. the curve 12 is referred to hereinafter as "elliptic-arc". The elliptic-arc 12 is translated in the Z-direction (i.e., 
the direction perpendicular to the plane including the elliptic-arc 12) to make a trace which becomes a curved surface 
14. The curved surface 14 is referred to hereinafter as "elliptic-arc surface". The two foci F t and F 2 of the elliptic-arc 
surface 12 are translated in the Z-direction to make two traces 20 and 22 each of which is referred to hereinafter as 
"focal axis". The focal axes 20 and 22 of the elliptic-arc surface 14 become parallel to the Z-axis. A normal line drawn 
at any pant on the elliptic-arc surface 14 becomes always parallel to the XY-plane. Under the above positional relation- 
ship, the elliptic-arc surface 14 can be represented by "elliptic-arc surface with focal axes parallel to the Z-axis". It 
should be noted that the monochromator whose reflecting surface consists of an elliptic-arc surface is referred to sirrply 
as "ellptic monochromator". 

[0007] Next, the function of the elliptic monochromator will be described. Referring to FIG. 6. imagine an elliptic mon- 
ochromator 24 with focal axes parallel to the X-axis. The drawing sheet of FIG. 6 is parallel to the YZ-plane. The reflect- 
ing surface 26 of the elliptic monochromator 24 appears as an elliptic-arc on the drawing sheet of FIG. 6. In view of 
geometncal optics, a light ray emitted from a light source, which is positioned at one focal point F 1 of the elliptic-arc. is 
reflected at the reflecting surface 26 and reach the other focal point F 2 . 

[0008] In view of X-ray optics, an X-ray emitted from an X-ray source, which is positioned at one focal point F 1f may 
be reflected at the reflecting surface 26 only when an X-ray incidence angle 0 on the reflecting surface 26, an X-ray 
wavelength X and the lattice spacing d of crystal of the reflecting surface 26 satisfy the Bragg equation for diffraction. 
The reflected X-ray will reach the other focal point F 2 . H should be noted that the lattice surfaces of crystal contributing 
to the diffraction are parallel to the reflecting surface 26. 

[0009] Incidentally, the X-ray incidence angle 6 on the reflecting surface 26 depends upon the position, on which an 
X-ray is incident, of the reflecting surface 26 of the elliptic monochromator 24. Therefore, to satisfy the Bragg equation 
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at any point of the reflecting surface 26. the lattice spacing must be graded along the elliptic-arc (i.e.. must vary with the 
incidence angle 8 ). The elliptic monochromator for X-rays has accordingly a synthetic multilayered thin film in which the 
d-spacing of the multilayers varies continuously. The d -spacing varying continuously is referred to hereinafter as graded 
d-spacing. 

5 [001 01 FIG. 7 shews the functional principle of the elliptic monochromator having graded d-spacing. X-rays emitted 
from the X-ray source 32 are incident on a point A, having d-spacing d 1§ of the reflecting surface 26 of the elliptic mon- 
ochromator 24 with an incidence angle 6 1 , and oh a point B having d-spacing 62 with an incidence angle 0 2 . The Bragg 
equation at the point A is 

10 2d t sine n = X (1) 

where x is the wavelength of the X-rays The Bragg equation at the point B is 

2d 2 sine 2 = X. (2) 

15 

If the positional relationship between the X-ray source 32 and the elliptic monochromator 24 is predetermined, the inci- 
dence angle 0 could be calculated at any point of the reflecting surface 26 of the elliptic monochromator 24, and accord- 
ingly the d-spacing for every incidence angle 6 could also be calculated so as to satisfy the Bragg equation. 
[001 1 ] With the use of such an elliptic monochromator having the graded d-spactng, X-rays of a particular wavelength 
20 of interest always satisfy the Bragg equation even if the X-rays are incident on any point of the reflecting surface, so that 
the reflected X-rays of the particular wavelength can be focused at the other focal point F 2 . The elliptic monochromator 
having such a synthetic multilayered thin film per se is known as mentioned above. 

[0012] Referring to FIG. 6, X-rays, emitted from the focal point and traveling in the direction within a divergence 
angle a. are reflected by the reflecting surface 26 of the elliptic monochromator 26 and focused on the other focal point 
25 F 2 with a convergence angle 0 . With such a focusing effect, X-rays with the predetermined divergence angle can be 
utilized effectively, so that the X-ray intensity on the focal point F 2 may be greatly increased as compared with the case 
of no elliptic monochromator. At the same time. X-rays may be purified into the specific monochromatic rays with the 
function of the elliptic monochromator 24. 

[001 3] While we have considered, with reference to FIG. 6, the focusing of the X-rays which diverge in the XY-plane, 
30 the focusing of the X-rays which diverge in the ZX-plane can be realized when we use an "elliptic monochromator with 
focal axes parallel to the Y-axis". Accordingly, if both the "elliptic monochromator with focal axes parallel to the X-axis" 
and the "elliptic monochromator with focal axes parallel to the Y-axis" are arranged between the X-ray source and the 
sample, the focusing for both the divergence in the YZ-pIane and the divergence in the ZX-plane can be realized. Under 
such an arrangement the X-ray source must be positioned on one focal point of the "elliptic monochromator with focal 
35 axes parallel to the X-axis" and at the same time on one focal point of the "elliptic monochromator with focal axes par- 
allel to the Y-axis" too. 

[0014] One arrangement of the elliptic monochromator system which can focus X-rays in both the YZ-plane and the 
ZX-plane may be a sequential arrangement as shown in FIG. 8 A. This arrangement is disclosed in by V. E. Cosslett and 
W. C. Nixon, "X-ray Microscopy", Cambridge at the University Press, 1960, pp105-109. Referring to FIG. 8A, X-rays 
40 emitted from an X-ray source 32 are reflected first at the first elliptic monochromator 34 (the elliptic monochromator with 
focal axes parallel to the X-axis) so that the divergence in the YZ-plane is focused. The X-rays are reflected next at the 
second elliptic monochromator 36 (the elliptic monochromator with focal axes parallel to the Y-axis) so that the diver- 
gence in the ZX-plane is focused. 

[001 5] Another arrangement is a side-by-side arrangement as shown in FIG. 8B and this arrangement is disclosed in 
45 S. Flugge. "Encyclopedia of Physics", Volume XXX, X-rays. Springer- Verlag, Berlin • Gottingen • Heidelberg, 1957, 
pp.324-32. The side-by-side elliptic monochromator system has the first elliptic monochromator 38 (the elliptic mono- 
chromator with focal axes parallel to the X-axis) and the second elliptic monochromator 40 (the elliptic monochromator 
with focal axes parallel to the Y-axis), these monochromators being so combined that one side of the f irst monochroma- 
tor 38 is in contact with one side of the second monochromator 40. X-rays emitted from an X-ray source 32 are reflected 
so first at either one of the first elliptic monochromator 38 and the second elliptic monochromator 40, and further reflected, 
soon after the first reflection, at the other monochromator, so that the X-rays are focused on a convergence point 44. X- 
rays emitted from the X-ray source 32 must first impinge on the region 42 as indicated by hatching for enabling the 
sequential reflection on the two elliptic monochromators 38 and 40. Thus, the side-by-side composite monochromator 
utilizes the sequential reflection at the region 42 near the comer between the two monochromators. 
55 [001 6] FIG. 9A is a view taken in the X-direction of FIG. 8B. and FIG 9B is a view taken in the Ydirection of FIG 8B. 
In FIGS. 9A and 9B, X-rays emitted from the X-ray source 32 are reflected first at a point C on the reflecting surface of 
the first elliptic monochromator 38 and reflected next at a point D on the reflecting surface of the second elliptic mono- 
chromator 40. so that the X-rays are focused on the convergence point 44. 
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£^2> tat eSZSZZ T "IK? 10A and 10B ' emitted from the X-ray source 32 are reflected first 
SfJcC^ScTi jSffJ!? 06 - i? S6C0nd el,iptfC 40 and reflected next at a point F on the 

eftecbng surface of the f,rst elliptic monochromator 38. so that the X-rays are focused on the convergence point 44. v 

ET#2» iS?™ 9 ? tD FIG - 8B " wnen 56611 in 106 X-direction, the X-ray source 32 is positioned at one focal point of 
the first elliptic ; monochromator 38. while the convergence point 44 is on the other focal print O^heZvS^hZ 
seen in the Y-d.rection. the X-ray source 32 is positioned at one focal point of fhB^^J^c^^^ 
while the convergence point 44 is on the other focal point monocnromator 40. 

Sed Sravs SSSi!?^^ ****** on any point which is out of the hatching region 42. the 
~ZXj~ZT PWnt d ° 001 ,mp,n9e 00 106 otner elliptic monochromator any longer. Such X-rays can not 

StXt^^" 11 4 l Stafinfl d8tai ' 1 ^ « first on any point, on the reflect Snace 
S^SE EE???£?S * out « the region 42. the reflected X-rays from that point are £S£Z 
JZTJ^^^~™L S) - 00 ,he ^ hand - K^ys are incident first on any point, on £e reflecting surface 
of the second elliptic monochromator 40. which is out of the region 42. the reflected X-rays from that point are focusS 

ZIZT£^ t0 " 15 "** that Point 44 is letted at tn^imSo^aneSS 

of the line 46 and an extension of the line 48. If a sample is set on the convergence point 44 only X-ravs wMchare 
focused ,n both the YZ-plane and the ZX-plane may irradiate the sample 

rafale r^^^T "T^* m0n0Chr0mat0r 35 ■»««• FIG. 8A. a divergence angle, with which X- 
Sn ^ 1^1 6 ™ oochromato '- in YZ-plane is different from a divergence angle in the ZX-plane. 

£ra« ^aTe^uahTSv m <^^tc< as shown in FIG. 86, a divergence angle, wrthwhich 

i~T«*f!S? *" th u 9 _f° mpOSrte m °"«*romator, « »he YZ-plane is equal to a divergence angle in the ZX-plane 
because Vm distances betweenl the X-ray source 32 and the two monochromators 38 and 40 are equal to eachoWr 
32^^?, 2:1 which illustrates an effect of the focal spot size of an X-ray source, when an X-ray source 
nay so^ 32 are SSTT ^"l?"*" * " •** ™^™a*^. X-rays emitted from the £ 
SSSTIJ r iSdS^T rSH™ r f fleCbn9 Surface 01 *• monochromator 24 with an incidence 
So? th«!.^!^l^ e i ep f d l ipon Where * e ^"96 on along the elliptic-arc of the reflecting sur- 
™ m ?? O ? rOmat0r 24 86081,88 the ^ -~nochromator 24 has the graded d-spaeing along the 

curve, the *spac,ng. the X-ray wavelength X of interest and the incidence angle e at any po^t A safeSthe iLqqiua 
ton as described above. By the way. the X-ray source 32 has an apparent focal spot sta S as^Sfrom SSSl 

exient as to trie breadth AO , the following equation (3) is obtained: 

D/2 = S • sin(Ae/2) ^ 
where Sis the distance between the X-ray source 32 and the point A, and D is the apparent focal spot size of the X-rav 
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D=S«A6. (4) 



S 60 ^ , 6 m ° nOChr0mator wi " 1)6 "Plained. A graph shown in FK3. 12 indicates 
££m^^2£? tL ^ ^ 6 81 ^ * *• A and the intensity of the diffracted X-rays (i.e. 

X ^l^^l^T* "ZT* inCidenCe angle 9 and the ordinate represents the intensify of 
d^2S?^i"2f ' ^ 1 . ttl l m ° nOChromator *e synthetic multPayered thin film, the half-value width e of the 
JES^i 8 ^? 15 * 0- 0 001 radian - lf 108 breadth ^ 01 ^ incidence angle 6 of incident X^ys is mora 
i^« I" 6 ! - • a portion of X-rays, which has an incidence angle out of the half-value width £ ^ nlt^t 
isfy the Bragg equation so as not to contribute to the diffracted intensity 

I Jh^^,^ 0 " (4 2" S ^ sti ™ n 9 th 6 haf-value width e =0.001 radian for A6 and 0.5 mm for the focal spot 
^ * that the distance S between the X-rajr source and the point A becomes 500 mm. It could be unders^ 
s^rcTaltbl^nTfr «t y ^ focal ^t-eof0.5mm. the distance S between thexSy 

Trtx^lT t f ° ^ 6 ^ ^ 500 ^ the purpose of narrowing the breadth A8 of the incidence angte 
th^h^l^ ^ ° th f ab0V6 haff " ValUe monochromator. If the distance S is less than 500 mm, 

TT^T a ^^T^ anQe ^ d£PSndS °" thS ^ ^ ^ than ^e hatf-vaiue width 

frix^e to tfti^f S Jl"^?^ 8 ,TOd6 7 0,1 the point A will not satisfy the Bragg equation and wiB not corv 
J2f IS ^ 2 d !^ ac,ed X " rayS ^ ,on S er - Therefore, in FIG. 11, the distance S is required to be more 

JSorU Zotkfbln^ l efl 52t y ^ th6 intensity 81 X ^ are incident on the^iptic monochro- 
™IZ !1- i w *' ld K be "<rted further that the mtnimum distance between the X-ray source 32 and the elliptic monochro- 

nrc^2^er i 1S,Z S0 » 8 d ^ * fo-ery po™ ^ s^acf of Zt^ 
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[0024] There will now be discussed the divergence angle a with which X-rays are caught by the elliptic monochroma- 
tor 24. As the distance between the X-ray source 32 and the elliptic monochromator 24 increases, the divergence angle 
a decreases. As the distance decreases, the divergence angle a increases. Further, as the divergence angle a 
increases, the intensity of the X-rays which are focused by the elliptic monochromator 24 increases. Accordingly, for the 
5 purpose of increasing the intensity of the focused X-rays, the distance between the X-ray source 32 and the elliptic 
monochromator 24 should be smaller. However, for the purpose of narrowing the breadth A9 of incidence angle, which 
depends on the apparent focal spot size D of the X-ray source, into the half-value width e mentioned above, the distance 
between the X-ray source 32 and the elliptic monochromator 24 should be larger. 

[0025] After all, even with the use of the elliptic monochromator, there has been the above-described opposite require- 
io ments for the purpose of increasing the intensity of the focused X-rays, so that increasing such an intensity has been 
limited. 

[0026] Accordingly, an object of the present invention is to provide apparatus for X-ray analysis with which a sample 
may be Irradiated by X-rays of a higher intensity than before in the case of using the elliptic monochromator to focus X- 
rays on the sample. 

is 

SUMMARY OF THE INVENTION 

[0027] Investigating the characteristics of the focusing-type synthetic multilayer ed thin film, we have found what the 
focal spot size of an X-ray source should be in using such a focusing element As a result of our investigation, we have 

20 confirmed that a combination of a microfocus X-ray tube with a focal spot size of less than 30 micrometers and a focus- 
ing-type monochromator with a synthetic muttilayered thin film leads to a focused X-ray beam with a good quality and 
a high intensity which is substantially equal to that in the case of using a 6-kW rotating-anode X-ray generator with a 
focal spot size of 0.3 mm x 0.3 mm. Although an X-ray source and a focusing optical element have been considered, in 
the art to be separate elements, the present invention provides an integral design consisting of these two elements. 

25 [0028] Apparatus for X-ray analysis in accordance with the invention is characterized in a combination of a composite 
elliptic monochromator with a specific structure and a microfocus X-ray source with an apparent focal spot size of less 
than 30 micrometers. The composite monochromator consists of a first elliptic monochromator and a second elliptic 
monochromator. The reflecting surface of the first elliptic monochromator is an elliptic-arc surface with focal axes sub- 
stantially parallel to the X-direction. while the reflecting surface of the second elliptic monochromator is an elBptic-arc 

30 surface with focal axes substantially parallel to the Y<Jirection. Although it is preferable that the focal axes of the two 
elliptic monochromator intersect at right angles, it is allowable in practice that the angle of intersection may be apart 
from right angles within a range of about ±10 degrees. 

[0029] The first elliptic monochromator has one side which is connected to one side of the second elliptic monochro- 
mator. It is acceptable that the two sides are connected to each other not only with a fitted condition in the longitudinal 
35 direction but also with a partly-translated condition of a certain extent (i.e., within a range of about one fourth of the 
length of the elliptic monochromator) in the longitudinal direction. 

[0030] An X-ray source is positioned at the first focal points of the two elliptic monochromators. A sample is to be set 
at or near, in the direction of the optical axis, the second focal points of the elliptic monochromators. The sample is not 
required to be located exactly on the second focal points and is allowed to be located near (namely, in the direction of 
40 the optical axis) the second focal point as far as it may be irradiated by X-rays from the monochromator. 

[0031 ] The first and second elliptic monochromators have synthetic muttilayered thin films. The period of the multilay- 
ers varies continuously along the elliptic-arc so as to satisfy the Bragg equation for the X-ray wavelength of interest at 
any point of the reflecting surface. 

[0032] A microfocus X-ray source with an apparent focal spot size of less than 30 micrometers per se is known. For 
45 example, an X-ray source with a focal spot size of about 10 to 20 micrometers is disclosed in U.S. Pat No. 5.020.086. 
Such a microfocus X-ray source has been utilized for (1) obtaining an enlarged transmission image of a very small 
region of a sample with an X-ray source being close to the very small region of the sample; and (2) scanning both a 
sample and a two-dimensional detector and observing the sample while being irradiated by small -spot X-rays, the X- 
rays being emitted from the X-ray source and focused by a capiOary, i.e., an X-ray microscope. 
so [0033] The present invention succeeds in increasing an X-ray intensity on a sample by means of combining a com- 
posite monochromator consisting of two elliptic monochromators having synthetic mufti layered thin films and a microfo- 
cus X-ray source. In this situation, the characteristics of the microfocus X-ray source (i.e.. a very small apparent focal 
spot size) come in useful. Using the microfocus X-rays with a focal spot size of less than 30 micrometers, even when 
the distance between the X-ray source and the monochromator becomes smaller, the breadth A9 of incidence angle, 
55 which depends upon the apparent focal spot size of the X-ray source, becomes within the range of the half-value width 
e of the diffraction peak of the elliptic monochromator. so that the X-rays reaching the elliptic monochromator are utilized 
effectively with no loss. Furthermore, because the distance between the X-ray source and the elliptic monochromator 
can be smaller in the invention, the capture angle a of incident X-rays on the elliptic monochromator is increased, for 
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SOU I* 8011(1 a 'i 9,e may be m ° fe than 0 0005 a^™. so that the X-ray intensity on the second focal 

point can be greatly increased than before. 

[0034] The advantage of the present invention will now be described in detail. It will be understood from the below 
descnpton that a higher X-ray intensity is obtained on the sample by using, in case of being combined with the com- 
posite monochromator. not the normal-focus or the fine-focus X-ray sources but the microfocus X-ray source which has 
a very small X-ray power as compared with the normal-focus or the fine-focus X-ray sources. That is to say, we have 
discovered a combinatjon of the microfocus X-ray source with a very high brightness and the composite elliptic mono- 
chromator so arranged that it can take a large capture angle. ^ ■ 

[0035] Considering the condition that divergent X-rays are effectively focused by the focusing composite elliptic mon- 
ochromator, a capture solid angle n for incident X-rays on the composite elliptic monochromator is expressed by 



12= a 2 = A/S 2 



(5) 



where a is the divergence angle of incident X-rays on the composite monochromator. A is the apparent area of the com- 
posite monochromator. and S is the distance between the focal spot of the X-ray source and the composite monochro- 
mator. The X-ray intensity I on a sample is expressed by 

I = nPn (6 j 

where n is the optical efficiency of the focusing composite monochromator for the X-ray intensity I on the sample, and 
Ps the power (i.e.. the effective total dose) of the X-ray source. 
[0036] The focal spot size D of the X-ray source is expressed by 

D S • AO (7) 

where Ae is the breadth of the incidence angle of X-rays, noting that the breadth Ae in this equation should be equal to 

£? 2 aK "^ u ® w,dth f 01 *™ diflraction observed with the composite monochromator so that incident X-rays within 

S nl^lf^T v effeCtiVe,y r6,leC,ed ** * e ««Vosite monochromator. The brightness B (i.e.. the X-ray power 
per unit area) of the X-ray source is expressed by 

B = PVD 2 . (8) 

Accordingly, 

l = r)Pn = t|PA/S 2 =nBA-Ae 2 . (9) 

Therefore, if the same composite monochromator is used. 11 , A, and A8 become constant and the X-ray intensity I 
becomes essentially proportional to the brightness B of the X-rays. 1 inwnsiy 

[0037] Onthe other hand, the possible brightness B of the X-ray source depends on both thermal limitation and elec- 
^°!!: Whe " the *** **** * ze 01 106 x -ray becomes very small, the electronic limitation becomes 
dominant On the contrary, if the focal spot size of the X-ray source becomes not so small, the thermal limitation is dom- 
inant The practical mrcrofocus X-ray source in the art would have a possible minimum focal spot size of down to about 
« , r ™ Cr ° met ! rS " tecnnica) inprovement in the case of using both the electronic gun and the electromag- 

netoc lenaTheelectronic limitation would be dominant for the focal spot size of less than about 2 micrometers. Accord- 
ingly, for the focal spot aze of more than about 2 micrometers, only the thermal limitation may be taken in account for 
defining the relationship between the focal spot size and the brightness of the X-ray source. 

[0038] The allowable input power F of an X-ray source can be calculated in general by Mullet's equation, the allow- 
able power P depending upon the material, shape and thermal condition of the X-ray target The posstole output power 
k (Laj Die X-ray intensity) of the X-ray source would be proportional to the allowable input power P* in the same condi- 
tion. The allowable input power P' can be calculated by 



P* * 4.25 k T m W/2 



(10) 



where k is the thermal conductivity of the target material. T m is the temperature difference between the allowable max- 
imum temperature of the focal spot surface and the cooled surface of the target and W is the length of one side of a 
ZTI „,!f 3 ! 0n !*** electron 66301 im P' n 9es at right angles. Assuming that the target material is copper and 
the shape of the focal spot on the target is a point focus, the allowable input power P for the focal spot size is shown in 
Table 1 . 
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Table 1 





Focal Spot Size 


P(W) 


B'CW/mm 2 ) 


Normal Focus 


1mm x 1mm 


750 


750 


Fine Focus 


0.1mm x 0.1mm 


75 


7500 


Microfocus 


0.01mm x 0.01mm 


7.5 


75000 



In Table 1 , B' is the brightness which is observed in a direction perpendicular to the target surface of the X-ray source, 
the value of B' being obtained by dividing F by the incident-electron-beam spot area which is substantially equal to the 
focal spot area of the X-ray source. The indicated value of B' for each focal spot size has been conf irmed experimentally. 
[0039] The apparent focal spot size D and the apparent brightness B of the X-rays emitted from an X-ray source, even 

15 for the same electron-beam spot size W on the target vary with the take-off angle. As shewn in FIQ. 2B, even for the 
line focus on the target, when taking an X-ray beam in the illustrated direction, the resultant X-ray beam is to be emitted 
from an apparent point focus. For example, assuming that the line focus on the target shown in FIG. 2B has a size of 
W 1 = 0.01 mm and W 2 = 0.1 mm, i.e., the microfocus line focus, we can obtain a microfocus X-ray beam emitted from 
an apparent point focus with an apparent focal spot size of D 1 = W 1 = 0.01 mm and 

20 D 2 » W 2 sin(6 degrees) « 0.01 mm when taking X-rays in the illustrated Erection. The allowable input power F for the 
apparent point focus with the take-off angle of 6 degrees is shown in Table 2. 



Table 2 





Focal Spot Size 


P'(W) 


BfW/mm 2 ) 


Normal Focus 


1mm x 1mm 


3180 


3180 


Fine Focus 


0.1mm x 0.1mm 


318 


31800 


Microfocus 


0.01mm x 0.01mm 


31.8 


318000 



In Table 2, B is the brightness which is observed in the direction of the take-off angle of about 6 degrees, the value of 
B being obtained ,as an approximate value, by cfividing P* by the apparent focal spot area. 

[0040] The normal-focus X-ray source typically has an allowable input power P a of about 3 kW and a brightness B of 
35 about 3000 W/mm 2 , while the microfocus X-ray source has, although depending on the focus shape, an allowable input 
power P' of about 30 W as shown in Table 2, which has been obtained experimentally as an approximate value, and a 
brightness B of about 300 kW/rrtm 2 which is 100 times higher than that in the normal-focus. 

[0041 ] As the focal spot size decreases, within the range of down to about 2 micrometers, the brightness B increases 
and accorcfingly the X-ray intensity I on the sample also increases as indicated in the equation (9). It is noted therefore 
40 that a combination of the composite elliptic monochromator and the microfocus X-ray source having a very small power 
leads to a greatly increased X-ray intensity on the sample as compared with the prior art 

[0042] The apparent local spot size of an X-ray source is defined by the maximum span across the focal spot image 
as viewed from the elliptic monochromator. The present invention is effective in the case of the apparent focal spot size 
of less than 30 micrometers, and preferably within the range of 2 to 20 micrometers, and typically about 1 0 micrometers. 
45 [0043] With the present invention, the minimum distance between the focal spot of an X-ray target and the composite 
monochromator can be less than 50 mm. and preferably less than 30 mm, and more preferably about 10 to 20 mm. It 
is noted that the lower limit value of the minimum distance would depend upon, in general, structural restrictions of the 
X-ray tuba 

[0044] The elliptic monochromator used in this invention has an extremely compressed shape, so that an X-ray 
so source, which is to be located on the focal point of the ellipse, can be dose to the elliptic monochromator. 

[0045] The main feature of the apparatus for X-ray analysis of the invention is directed to the X-ray supplying system 
which is arranged between an X-ray source and a sample, so that an optical system between the sample and a detector 
has no restrictions in the invention. For example, when X-rays emitted from the microfocus X-ray source are focused by 
the composite monochromator on a sample and the diffracted X-rays from the sample are detected, such apparatus for 
55 X-ray analysis according to the invention becomes an X-ray diffraction system. On the other hand, when the fluores- 
cence X-rays from the sample are detected, such apparatus for X-ray analysis according to the invention becomes a 
fluorescence X-ray analysis system. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0046] 

FIG. 1 is a perspective view of the first embodiment of the invention; 

FIGS. 2A and 2B are perspective views of microfocus X-ray sources; 

FIG. 3 illustrates the elliptic shape of an elliptic monochromator; 

FIG. 4 is a perspective view of the second embodiment of the invention- 

FIG. 5 is a perspective view illustrating the definition of the elliptic monodiromator; 

6 18 a s,de M ew illustrating the function of the elliptic monochromator- 
FIG. 7 illustrates the functional principle of the monochromator with graded d-spacing- 

nmShSSS^* PerSP6CtiVe VI ' eWS °* the sequential-arrangement and the side*y-side arrangement elliptic 
sS eT^rnS^ 6 " *• ***** "* *° «** ^ ™ « *° 

SS^JS1S!5SS *" x<firecfion 31X1 *• YH,irecBon **** i,,us,rate * e ^ reflection °" 

FIG. 1 1 is a side view illustrating an effect of the focal spot size of an X-ray source; 

m « i m^S , f° Win9 ^ e d f BCted Peak ° bteined a ™»'ayered thin film; and 

FIG. 13 illustrates the parabolic shape of a parabolic monochromator. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

SS n-^lS! 0 FIG v Sh °" in9 016 firSt en * odiment of the invention, a side-by-side composite monochromator 
^rc^oS^f^"^^ 6 ^ 3 SamP ' e 50 71,8 "'mposrte rrxx,ochrormtcr52^ af irst elliptic mon- 
^S^S^^nt^^!!^ r0 ^ 0r * 6-1 ™°chromators b*a so connected that oneside of 
SnSiZ^SLI^ 3 "tL 0 " 6 ^ me S6COnd "™ochromator. The basic structure of the elliptic 
Z^TSSl * 35 ° ne shown ,n FIQ - 8B - 7716 ** elliptic monochromator 38 has focal axes parallel to 

to Xaxi* while the second elliptic monochromator 40 has focal axes parallel to the Y-axis 

E^L^! P ? arent ^ SP 01 ^ 6 D * *e X-ray source 32 is 10 micrometers. To obtain the 10-rrricrometer apparent 
5? KSS L^J° ^ the foca. spot 55. whose spot size is 1 0 micmmetera^S 

AS £ X " r ^ tube andtotake x -rays with an appropriate takeoff angle, for example. 6 degrees. 
StlofS? ^ h F,a 25 to form the focal spot 55. which has a Fmear shapeoHu microSetera 
St'^TJ^S,? 01 JS X ^ tUb i an ? 10 teke X ^ S in *• to^nal direction of thefecal spot 55. La. £ 
£ Thtx^v^^t^J^" ^.ff meth0d ' w e can obtain an apparent focal spot sizeoMO ntcrome- 
oSbSm ^^^J^^ 3 ^ h 353 ^get whose material is copper and its characteristic X-rays (i.e.. 
22£ y^J^Sf^f ^f 4 nanometere > *» "filled. It is not necessary in the invention to increase the power 

SEEKER 

S?? W " ,T 1)6 deSCflbed a concrete ^ of the elliptic-arc of the elliptic monochromator. As shown in 

F^and I l^n^Tl*" 7° " 1 ™/ 2 * 3 °° nm D ^ *» between toe fS^S 

.5 filT^! 56 as p*. the value of p is 0.03 mm. Accordingly. L is 10-thousand times p and therefore the elflpse 
fS^e^ely compressed. The other elliptic mcnochromator 40 has the same shape. 

saSe iJtobTS.^ L^^S in 4,16 i^ 0 "' ^ x -«v source is positioned at the focal point F 1t while a 
set 31 *e ^ PO"« ^2 near that point in the direction of the optical axis). Defining the direction of 
^JZ^JT^ 1 * rOU f th !. foCi FiandF ^ as ^ direction and the direction perpendicular ihereto as the v- 
2fS the uS^^h ^T^IT™ ^ **>« P«** Fi the ei.ptic rrSromator 38 is 1 5 mm. The 
size L 2 m the u-direcbon of the elliptic monochromator 38 is 40 mm. The distance U in the u-direction between the elfio- 

LTST^'IS * e ?2 *** F * * 245 " m 1716 dfetance u^rect' b^een toeto^^ 
F^tnel^^^ 38 " 35 ^ and » e distanca in u^irection between toe fo^poinl 

rn^ ?^Tf ^ ™ ochromator 38 'S 265 mm L 1 + L z + L 3 - L 4 + L 5 = L « 300 mm . 
cSLJS IJi "Sf tes H ""'" enca, ! y therelationship between the coordinates of the eOiptc-arc of the elliptic monc- 
thlTZ ^ ! 9raded d_SpaC,n9 71,6 «»dinates u and v (the unit is mm) of the elliptic-arc are so measured 

^m^L^ r 1 ?" 3165 fe PTCiti0ned atth9focal p i • T" e ^ence angle 8 (theunit is degree) of^raya 
is so measured that the X-ray source is positioned at the focal point F, . The unit of the d-spacing is nanometer. 
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Table 3 



5 



10 



15 



u (mm) 


v (mm) 


e (degree) 


d (nm) 


15 


0.9251 


1.8575 


2.3783 


20 


1.0587 


1.6233 


2.7213 


25 


1.1729 


1.4652 


3.0148 


30 


1.2731 


1.3500 


3.2721 


35 


1.3622 


1.2617 


3.5011 


40 


1.4424 


1.1915 


3.7072 


45 


1.5151 


1.1344 


3.8939 


50 


1.5813 


1.0869 


4.0640 


55 


1.6418 


1.0469 


4.2194 



20 [0052] It is understood from Table 3 that both the incidence angle 0 and the d -sparing vary continuously along the 
elliptic-arc. The closest point on the elliptic monochromator 38, to the focal point F 1 has the coordinates of u = 15 mm 
and v s 0.9251 mm. The distance between the closest pant and the focal point F1 is calculated by 
L 6 m (u 2 +v 2 ) 1/2 « 1 5.03 mm . On the closest point, the breadth AO of the incidence angle is calculated with the equa- 
tion (4) by A8 = D/L 6 = 0.01/1 5.03 = 0.00067 radian . This value of AG is less than the half-value width e = 0.001 of the 

25 monochromator having the synthetic multilayer ed thin film. At any point farther apart from the focal point F1 than the 
closest point the breadth AO of the incidence angle becomes less than the above value, so we have no problem. 
Accordingly, all of the X-rays, with the wavelength of interest impinging on the elliptic monochromator are to be 
reflected effectively. 

[0053] Next, there will be described the capture of X-rays by the composite monochromator. The divergence angle a 

30 of X-rays which are incident on the elliptic monochromator indicated in Table. 3 is 1.82 degrees as calculated below. 
The convergence angle p of X-rays is 0.15 degrees. The above value of the divergence angle a can be converted from 
the degree unit to the radian unit, i.e., 0.0318 radian. The first elliptic monochromator catches in the YZ-plane the diver- 
gence angle cty = 0.0318 radian, while the second elliptic monochromator catches in the ZX-plane the divergence angle 
a x = 0.0318 radian. The solid angle O of X-rays which are caught by the composite monochromator is 

35 n = a x a y = 0.001 steradian . 

[00541 With the composite monochromator, when the apparent focal spot size D of the X-ray source is 0.01 mm, the. 
spot size of X-rays focused on the sample is 0.2 mm The sample may be set at the second focal point of the elliptic 
monochromator (the standard point) or at any necessary point before or behind, on the optical axis, the standard point, 
depending upon the measuring conditions (i.e., sample size, required intensity, etc.). 

40 [0055] The synthetic multilayered thin film with the graded d-spacing as shown in Table 3 can be produced popularly 
by depositing alternating layers of high atomic number, for example, tungsten (W), and low atomic number, for example. 
silicon(Si), materials. Another combination may be tungsten(W) and boron carbide(B 4 C). The period of the layers is 
equal to the d-spacing. The thickness ratio of the two kinds of the layers may be selected variously. 
[0056] As seen from Table 3, the incidence angle e of X-rays on the elliptic monochromator is small as about 1 to 2 

45 degrees, and the d-spacing of the synthetic mutti layered thin film is about 2 to 4 nanometers. 

[0057] There will now be described a method of calculating the divergence angle a of X-rays which are incident on 
the elliptic monochromator. Referring to FIG. 3, the coordinates (u, v) of the elliptic-arc of the monochromator 38 satisfy 
the following equation (11) which is derived from the equation for ellipse: 

so v = f(u) = [{p(2L^)(-u 2 +Lu+p(2L4p)/4ML4p) 2 ] 1/2 . 0 1 > 

[0058] Assuming that L1 =G and L1 + L2 = H , the divergence angle a can be calculated by the following equation 
(12), in which the above equation (11) should be used for the function f: 

55 a = cos" 1 [(GH+f(G)f(H))/l(G 2 +f(G) 2 ) 1/2 (H 2 +f(H) 2 ) 1/2 }J. (12) 

[0059] There will now be described the second embodiment of the invention with reference to FIG. 4. Although the 
basic structure of the second embodiment is the same as that of the first embodiment shown in FIG. 1 the design val- 
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on the feZi S ^ "V*"* ^ 32 (,OCat6d 00 me ,irst *** and a sample 50 (located 

s^l -S^T 1116 di ^ nce between * e com P° site monochromator 52a and the sample 50 is 

,n^se o?^2mi ?r™ emb0d,me ^ ? ,h3t ^ ^ Size °" the becomes small down to O047 mm 

out^a^ 

™ ? S^* e fi , ^^ ape i ftheSeCOnd embodimentwiththeuseof the symbols shown in FIG. 3. p = 0.022 
SS'J AlS^'J h = TV 2 = ^ mn1, L3 = 23 1™ 1 . L4 = 47 mm, and Lg = 53 mm. In this case. L is 4545 times p. 
Table 4 .ncficates numencally the second embodiment the meaning of the symbols being the same as in Table 3 



Table 4 



u(mm) 


v(mm) 


8 (degree) 


d (nm) 


17 


0.78811 


1.5992 


2.7624 


22 


0.86907 


1.4503 


3.0459 


27 


0.93136 


1.3533 


3.2641 


32 


0.97857 


1.2880 


3.4295 


37 


1.01281 


1.2445 


3.5494 


42 


1.03536 


1.2174 


3.6284 


47 


1.04698 


1.2039 


3.6691 


52 


1.04803 


1.2027 


3.6728 


57 


1.03854 


1.2137 


3.6396 


62 


1.01822 


1.2379 


3.5684 


67 


0.98641 


1.2778 


3.4570 


72 


0.94193 


1.3381 


3.3011 


77 


0.88287 


1.4276 


3.0943 



is^o d embodiment the divergence angle a of X-rays which are incident on the elliptic monochromator 

rJ^i^J^ J?T 9 fl^ 9,e P * X - rays ***** are focused °" the second focal point is 1 .6 degrees. 
8??0 OffimT. "^n e deS f >6d .? e •*? em ***™nt <" »• third embodiment using thHymbols shown in FIG. 
* L S^T? 1 = J™ 1, 1 = 40 m" 1 - ^ = 60 mm, L 3 = 300 mm, = 70 mm, and Lj = 330 mm. The spot size 

tT^^^J^^^ ^ iS 0 2 to 025 mm - Tabte 5 ^es numerically the third en*Sment. 
tne meaning of the symbols being the same as in Table 3. 



Table 5 



u (mm) 


v(rran) 


0 (degree) 


d(nm) 


40 


2.1640 


1.7206 


2.5675 


44 


2.2569 


1.6498 


2.6776 


48 


2.3440 


1.5886 


2.7808 


52 


2.4257 


1.5351 


2.8777 


i 56 


2.5027 


1.4879 


2.9690 


60 


2.5754 


1.4459 


3.0551 


64 


2.6441 


1.4083 


3.1366 


68 


2.7092 


1.3745 


3.2138 


72 


2.7708 


1.3439 


3.2869 
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Table 5 (continued) 



10 



u (mm) 


v (mm) 


6 (degree) 


d (nm) 


76 


2.8293 


1.3162 


3.3562 


80 


2.8848 


1.2909 


3.4220 


84 


2.9375 


1.2677 


3.4845 


88 


2.9875 


1.2465 


3.5437 


92 


3.0350 


1.2270 


3.6000 


96 


3.0801 


1.2091 


3.6535 


100 


3.1228 


1.1925 


3.7041 



75 [0063] In the third embodiment the emergence angle a of X-rays which are incident on the elliptic monochromator is 
1 .31 degrees, which is equal to 0.0229 radian. The first elliptic monochromator catches in the YZ-plane the divergence 
angle cty = 0.0229 radian, while the second elliptic monochromator catches in the ZX-plane the divergence angle ctx - 
0.0229 radian. The solid angle n of X-rays which are caught by the composite monochromator is 
O = a x a y = 0.00052 steradian . 

20 [0064] Although the elliptic monochromator has been described above, the elliptic monochromator may be altered to 
a parabolic monochromator. There win now be described another embodiment in which the present invention is applied 
to the parabolic monochromator. Referring to FIG. 13 illustrating the parabolic shape of the parabolic monochromator. 
a parabola 62 which defines a parabolic monochromator 60 has one focal point Defining the minimum distance 
between the focal point F and the parabola 62 as p/2. the value of p is 0.026 mm. A microfocus X-ray source is posi- 

25 tioned at the focal point F. The X-rays reflected by the monochromator become parallel X-rays, so that the intensity of 
X-rays impinging on a sample is constant even if the sample is set at any position on the optical axis. Defining the u- 
direction and the vKiirection as illustrated in FIG. 13, the distance L 1 in the u-direction between the focal point F and the 
parabolic monochromator 60 is 1 5 mm The size L 2 in the u-cfirection of the parabolic monochromator 60 is 40 mm. Two 
parabolic monochromators of such a shape are combined as shown in FIG. 1 to form a composite monochromator. The 

30 apparent focal spot size of the used X-ray source is 10 micrometers, and the X-ray spot size on a sample is 0.8 mm in 
diameter. 

[0065] Table 6 indicates numerically the relationship between the coordinates of the parabolic-arc of the parabolic 
monochromator 60 and the graded d-spacing. The coordinates u and v (the unit is mm) are so measured that the origin 
of the coordinates is positioned at the focal point F. The incidence angle 0 (the unit is degree) of X-rays is so measured 
35 that the X-ray source is positioned at the focal point F. The unit of the d-spacing is nanometer. 



Table 6 



40 



SO 



u(mm) 


v(mm) 


6 (degree) 


d(nm) 


15 


0.8836 


1.6855 


2.6209 


20 


1.0201 


1.4600 


3.0257 


25 


1.1405 


1.3060 


3.3824 


30 


1.2493 


1.1923 


3.7049 


35 


1.3493 


1.1039 


4.0015 


40 


1.4425 


1.0326 


4.2776 


45 


1.5299 


0.9736 


4.5369 


50 


1.6123 


0.9237 


4.7822 


55 


1.6914 


0.8807 


5.0155 



55 [0066] It should be noted in the invention that the first and second monochromators may be partly translated in the 
direction shown in FIG. 8A without departing from the spirit of the invention (depending upon the focal spot size of the 
microfocus X-ray source, the minimum distance between the focal spot of the X-ray source and the monochromator, the 
solid angle which is caught by the monochromator, etc.) . In such a case, the intensity distribution of X-rays reflected by 
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iStSZS^^^T^ d6f T, eC l beCaUSe thS Capture «* in *• ^ane is different from 
S SEES! 6 P °^' ble "J? P"**"*** composite monochromator to effect the sim- 

Z^S? to the non-translated composite monochromator as shown in FIG. 8B, depending upon the measure- 
ment condition (the size and the position of the sample/the required X-ray intensity, etc ) 

SiZoSZSi 5 fnc by monochromator means ( 52 ) and are to be incident on a sample (50). wherein 

S 0681 i S H 0U ^ bS 0016(1 tne and advantages of the invention may be attained by means of any comDat- 
^ m Comb>nation(s) particularly pointed out in the items of the following summary of the SS^e^eTed 

SUMMARY O F THE INVFNTIOM 
[0069] 

ItSZSfJZ X-ray analysis in which X-rays emitted by an X-ray source (32) are reflected by monochromator 
means (52) and are to be incident on a sample (50). characterized in that: 

rXSmete^ **** M * * miCrO,0CUS X ^ source (32) havin 9 an apparent focal spot size of less than 30 

r^^TI^^ tC r iean L ( f ) fe 3 compOSite »~no*romator (52) having a first elliptic monochromator 
(38) and a second elliptic monochromator (40), 

S^HJ^TS 3 thre ^. menSi °I! al reCtangular coordinate axis XYZ is set in space, said first elliptic mono- 
aZ^TZ} } _i a L e " ectin9 Surface is an elliptic-arc surface with focal axes substantially parallel to 
b« i^." sad i econd elliptic monochromator (40) has a reflecting surface which is an elliptic-arc sur- 
face with focal axes substantially parallel to a Y-direction 

r2^ r f 0 ^%r n ^ r0mat0r (38> ^ ^ Sid6 18 in COn1aCt ^ one sideofsaid second elliptic 
^sS^lnSn! 09 (32) ^ P ° Siti0ned at a *rst focal point of said first elliptic rrx>nochromator (38) as viewed 

v?ewSS^^l P ^'° ned atafirStfoCa,POint ° ,SaidSeCOnd *** "x^romator (40) as 

?ir?^ n °I^l ,i !Jr d Set ^" d , e " iptiC mOnocnr0maJors (38. 40) has a synthetic multilayered thin film whose 

iSllT 1 ^^ e " iptlC - arc 80 88 10 a ^99 option for X-rays of a predeter- 
mined wavelength at any point of said reflecting surface 7 

2. Apparatus for X-ray analysis wherein said apparent focal spot size is 2 to 20 micrometers. 

L^SfS^^ !?f' ySiS .r nerein ^ sample f 50 ) is fooated at or near, in a direction of an optical axis, a 
S^ES I'tf?**. monocnramat «' OS), and said sample (50) is located at or nearjr. a direction 

of an optical axis, a second focal point of said second elliptic rnonochromator (40). 

liS^Sf » for X " ray i analysis wnerein a minimum distance between a focal spot of said X-ray source (32) and 
said composite monochromator (52) is less than 50 mm. 

12%^£S££Z J^LtTX^ ^ ^ ^ ^ source (32, and 

Lil^S" 8 ^ ana ! ySiS wnerein of an ellipse defining said first elliptic monochromator (38) and an 
Seent 1 '^^ f ^T^"*** (40) ^ *" jessed shape so that a distance L 

teoTe fo2l^nf^ P ' Wit " p Dein9 a frtnimum distance between said ellipse and 

8. Apparatus for X-ray analysis in which X-rays emitted by an X-ray source (32) are reflected by monochromator 
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means (52) and are to be incident on a sample (50), characterized in that: 

s. 

(a) said X-ray source (32) is a rrricrofocus X-ray source (32) having an apparent focal spot size of less than 30 
micrometers, 

(b) said monochromator means (52) is a composite monochromator (52) having a first parabolic monochroma- 
tor (60) and a second parabolic monochromator, 

(c) assuming that a three-dimensional rectangular coordinate axis XYZ is set in space, said first parabolic mon- 
ochromator (60) has a reflecting surface which is a parabolic-arc surface with a focal axis substantially parallel 
to an X-direction, and said second parabolic monochromator has a reflecting surface which is a parabolic-arc 
surface with a focal axis substantially parallel to a Y-direction, 

(d) said first parabolic monochromator (60) has one side which is in contact with one side of said second par- 
abolic monochromator, 

(e) said X-ray source (32) is positioned at a focal point of said first parabolic monochromator (60) as viewed in 
said X-direction, 

(f) said X-ray source (32) is positioned at a focal point of said second parabolic monochromator as viewed in 
said Y-direction, and 

(g) each of said first and second parabolic monochromators (60) has a synthetic multilayered thin film whose 
d-spacing varies continuously along a parabolic-arc so as to satisfy a Bragg equation for X-rays of a predeter- 
mined wavelength at any point of said reflecting surface. 

9. Apparatus for X-ray analysis wherein a minimum distance between a focal spot of said X-ray source (32) and 
said composite monochromator (52) is less than 50 mm. 

10. Apparatus for supplying X-rays in which X-rays emitted by an X-ray source (32) are reflected by monochromator 
means (52), characterized in that: 

(a) said X-ray source (32) is a nrticrofocus X-ray source (32) having an apparent focal spot size of less than 30 
micrometers, 

(b) said monochromator means (52) is a composite monochromator (52) having a first elliptic monochromator 
(38) and a second elliptic monochromator (40), 

(c) assuming that a three-dimensional rectangular coordinate axis XYZ is set in space, said first elliptic mono- 
chromator (38) has a reflecting surface which is an elliptic-arc surface with focal axes substantially parallel to 
an X-direction, and said second elliptic monochromator (40) has a reflecting surface which is an elliptic-arc sur- 
face with focal axes substantially parallel to a Y-direction, 

(d) said first elliptic monochromator (38) has one side which is in contact with one side of said second elliptic 

(e) said X-ray source (32) is positioned at a first focal point of said first elliptic monochromator (38) as viewed 
in said X-direction, 

(f) said X-ray source (32) is positioned at a first focal point of said second elliptic monochromator (40) as 
viewed in said Y-direction, and 

(g) each of said first and second elliptic monochromators (38, 40) has a synthetic multilayered thin film whose 
d-spacing varies continuously along an ellptic-arc so as to satisfy a Bragg equation for X-rays of a predeter- 
mined wavelength at any point of said reflecting surface. 

11. Apparatus for supplying X-rays wherein said apparent focal spot size is 2 to 20 micrometers. 

12. Apparatus for supplying X-rays wherein a minimum distance between a focal spot of said X-ray source (32) and 
said composite monochromator (52) is less than 50 mm. 

13. Apparatus for supplying X-rays wherein a solid angle of X-rays which are caught by said composite monochro- 
mator (52) is more than 0.0005 steradian. 
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ifaK^SSIS X ^ WherSin 6aCh ° f 30 ^ def ini "9 said first ellptic monochromator (38) and an 
h51 L 9 ^ f 6001X1 e,,,pt ' c monochromator (40) has an extremely compressed shape so that a distance L 
£me ^.^in^ ^ ^ * W °°° ^ P ' P ^ a ^^^ce bSe^ S M.ipS and 

SatmeteT S ° Ur ° e ^ " 3 miCr0,0CUS X ' ray 8011,106 < 32 > ha^g an apparent focal spot size of less than 30 

^S^^r^ rectangular coordinate axis XYZ is set in space, said first parabolic mon- 
^°Slif } tes ? reflectory surface wWch is a parabolic-arc surface with a focal axis substantially parallel 
Zl£ T^T* ZT* Parab ° ,iC monochr on«tor has a reflecting surface which is a parage arc 
surface with a focal axis substantially parallel to a Vdirection. ^ 

at^mcSo^^^ (60) has one side which is in contact with one side of said second par- 
Sd^SoT^ (32> fe POSifcned 3t 3 ^ P 0 '"* 01 ■*» f iret Parabolic monochromator (60) as viewed in 
SiTYiSoaaS ^ fe POSrtk>ned 3tafocalpointof ^ second parabolic monochromator as viewed in 

d^Tna^^I? ^"f paraMic 1 monochrornatofS (60) "as a synthetic multilayered thin film whose 
d-spacing vanes continuously along a parabolic-arc so as to satisfy a Bragg equation for X-rays of a predeter- 
mined wavelength at any point of said reflecting surface 99 ^uanon lor a rays or a preaeter 

16 Apparatus for supplying X-rays wherein a minimum distance between a focal spot of said X-ray source (32) and 
said composite monochromator (52) is less than 50 mm. ^ 1 ' 

BRIEF DESCRIPTION OF THE REFERENCE NUMERALS 
[0070] 

32 X-ray Source 

38 First Elliptic Monochromator 

40 Second Elliptic Monochromator 

44 Convergence Point 

50 Sample 

52 Composite Monochromator 

54 Target 

55 Focal Spot on Target 
Claims 

1 - ^^ 1 ° r ^^ Sysis m X-ray* emitted by an X-ray source (32) are reflected by monochromator 
means (52) and are to be incident on a sample (50). characterized in that: 

micSmeS? (32) * 3 microfocus ^ (32) having an apparent focal spot size of less than 30 
(c) assuming that a threedimensional rectangular coordinate axis XYZ is set in space, said first elliptic mono- 
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chromator (38) has a reflecting surface which is an elliptic-arc surface with focal axes substantially parallel to 
an X-direction. and said second elliptic monochromator (40) has a reflecting surface which is an elliptic-arc sur- 
face with focal axes substantially parallel to a Y-direction. 

(d) said first elliptic monochromator (38) has one side which is in contact with one side of said second elliptic 
5 monochromator (40), 

(e) said X-ray source (32) is positioned at a first focal point of said first elliptic monochromator (38) as viewed 
in said X-direction, 

(0 said X-ray source (32) is positioned at a first focal point of said second elliptic monochromator (40) as 
viewed in said Y-direction, and 

10 (g) each of said first and second elliptic monochromators (38, 40) has a synthetic multilayered thin film whose 

d-spacing varies continuously along an elliptic-arc so as to satisfy a Bragg equation for X-rays of a predeter- 
mined wavelength at any point of said reflecting surface. 

2. Apparatus for X-ray analysis according to claim 1 , wherein said apparent focalspot size is 2 to 20 micrometers. 

15 

3. Apparatus for X-ray analysis according to any of the preceding claims wherein said sample (50) is located at or 
near, in a direction of an optical axis, a second focal point of said first elliptic n^onochromator (3), and said sample 
(50 is located at or near, in a direction of an optical axis, a second focal point of jsaid second elliptic monochromator 
(40), 

20 and/or wherein preferably a minimum distance between a focal spot of said X-ray source (32) and said com- 

posite monochromator (52) is less than 50 mm, 

and/or wherein preferably a minimum distance between a focal spot of said X-ray source (32) and said com- 
posite monochromator (52) is less than 30 mm, 

and/or wherein preferably a solid angle of X-rays which are caught by said composite monochromator (52) 
25 is more than 0.0005 steradian, 

and/or wherein preferably each of an ellipse defining said first elliptic monochromator (38) and an ellipse 
defining said second elliptic monochromator (40) has an extremely compressed shape so that a distance L 
between its two focal points is 4000 to 10000 times p, with p being a minimum distance between said ellipse and 
its one focal point. 

30 

4. Apparatus for X-ray analysis in which X-rays emitted by an X-ray source (32) are reflected by monochromator 
means (52) and are to be incident on a sample(50), characterized in that: 

(a) said X-ray source (32) is a microfocus X-ray source (32) having an apparent focal spot size of less than 30 
35 micrometers, 

(b) said monochromator means (52) is a composite monochromator (52) having a first parabolic monochroma- 
tor (60) and a second parabolic monochromator, 

(c) assuming that a three-dimensional rectangular coordinate axis XYZ is set in space, said first parabolic mon- 
ochromator (60) has a reflecting surface which is a parabolic-arc surface with a focal axis substantially parallel 

ao to an X-direction, and said second parabolic monochromator has a reflecting surface which is a parabolic-arc 

surface with a focal axis substantially parallel to a Y-direction, 

(d) said first parabolic monochromator (60) has one side which is in contact with one side of said second par- 
abolic monochromator, 

(e) sad X-ray source (32) is positioned at a focal point of said first parabolic monochromator (60) as viewed in 
as said X-direction, 

(0 said X-ray source (32) is positioned at a focal point of said second parabolic monochromator as viewed in 
said Y-direction, and 

(g) each of said first and second parabolic monochromators (60) has a synthetic multilayered thin film whose 
d-spacing varies continuously along a parabolic-arc so as to satisfy a Bragg equation tor X-rays of a predeter- 
50 mined wavelength at any point of said reflecting surface. 

5. Apparatus for X-ray analysis according to any of the preceding claims wherein a minimum distance between a focal 
spot of said X-ray source (32) and said composite monochromator (52) is less than 50 mm. 

55 6. Apparatus for supplying X-rays in which X-rays emitted by an X-ray source (32) are reflected by monochromator 
means (52), characterized in that: 

(a) said X-ray source (32) is a microfocus X-ray source (32) having an apparent focal spot size of less than 30 
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micrometers, 

(b) said monochromator means (52) is a composite monochromator (52) having a first elliptic monochromator 
(38) and a second elliptic monochromator (40), 

(c) assuming that a three-dimensional rectangular coordinate axis XYZ is set in space, said first elliptic mono- 
chromator (38) has a reflecting surface which is an elliptic-arc surface with focal axes substantially parallel to 
an X-direction, and said second elliptic monochromator (40) has a reflecting surface which is an elliptic-arc sur- 
face with focal axes substantially parallel to a Y-direction f 

(d) said first elliptic monochromator (38) has one side which is in contact with one side of said second elliptic 
monochromator (40), 

(e) said X-ray source (32) is positioned at a first focal point of said first elliptic monochromator (38) as viewed 
in said X-direction, 7 

(0 said X-ray source (32) is positioned at a first focal point of said second elliptic monochromator (40) as 
viewed in said Y-direction, and 

(g) each of said first and second elliptic monochromators (38. 40) has a synthetic murrjlayered thin film whose 
d-spacing varies continuously along an elliptic-arc so as to satisfy a Bragg equation for X-rays of a predeter- 
mined wavelength at any point of said reflecting surface 

7. Apparatus for supplying X-rays according to any of the preceding claims wherein said apparent focal spot size is 2 
to 20 micrometers, 

and/or wherein preferably a minimum distance between a focal spot of said X-ray source (32) and said com- 
posite monochromator (52) is less than 50 mm, 

and/or wherein preferably a solid angle of X-rays which are caught by said composite monochromator (52) 
is more than 0.0005 steradian. 

and/or wherein preferably each of an ellipse defining said first elliptic monochromator (38) and an ellipse 
defining said second elliptic monochromator (40) has an extremely corrpressed shape so that a distance L 
between its two focal points is 4000 to 10000 times p, with p being a minimum distance between said ellipse and 
its one focal point. . " 

8, Apparatus for supplying X-rays in which X-rays emitted by an X-ray source (32) are reflected by monochromator 
means (52), characterized in that: 

(a) said X-ray source (32) is a rrricrofocus X-ray source (32) having an apparent focal spot size of less than 30 
micrometers, 

(b) said monochromator means (52) is a composite monochromator (52) having a first parabolic monochroma- 
tor (60) and a second parabolic monochromator, 

(c) assuming that a three-dimensional rectangular coordinate axis XYZ is set in space, said first paraboOc mon- 
ochromator (60) has a reflecting surface which is a parabolic-arc surface with a focal axis substantially parallel 
to an X-direction, and said second parabolic monochromator has a reflecting surface which is a parabolic-arc 
surface with a focal axis substantially parallel to a Y-direction, 

(d) said f rst parabolic monochromator (60) has one side which is in contact with one side of said second par- 
abolic monochromator, 

(e) said X-ray source (32) is positioned at a focal point of said first parabolic monochromator (60) as viewed in 
said X-direction. 

(f) said X-ray source (32) is positioned at a focal point of said second parabolic monochromator as viewed in 
said Ydirection, and 

(g) each of said first and second parabolic monochromators (60) has a synthetic murrjlayered thin film whose 
d-spacing varies continuously along a parabolic-arc so as to satisfy a Bragg equation for X-rays of a predeter- 
mined wavelength at any point of said reflecting surface. 

9. Apparatus for supplying X-rays accordng to any of the preceding claims wherein a minimum distance between a 
focal spot of said X-ray source (32) and said composite monochromator (52) is less than 50 mm. 
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10. Apparatus for X-ray analysis in which X-rays emitted by an X-ray source (32) are reflected by monochromator 
means (52) and are to be incident on a sample (50), wherein 

said monochromator means (52) is a composite monochromator (52) having a first elliptic monochromator (38) 
and a second elliptic monochromator (40). 
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FIG. 2A 




FIG. 2B 
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FIG. 4 
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FIG. 6 
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(54) Apparatus for X-ray analysis 

(57) Specific incident monochromator means (52) 
and a microfocus X-ray source (32) with an apparent 
focal spot size of less than 30 micrometers are com- 
bined to accomplish that the X-ray source (32) can be 
close to the monochromator means (52) and the inten- 
sity of X-rays focused on a sample (50) is greatly in- 
creased. Aside-by-side composite monochromator (52) 
is arranged between the X-ray source (32) and the sam- 
ple (50). The composite monochromator (52) has a first 



and a second elliptic monochromators (38, 40) each 
having a synthetic multilayered thin film with graded d- 
spacing. The first elliptic monochromator (38) has one 
side which is connected to one side of the second elliptic 
monochromator (40). A preferable apparent focal spot 
size D of the X-ray source (32) may be 1 0 micrometers. 
Because the invention provides a high focusing efficien- 
cy for X-rays, it is not required to use a high-power X- 
ray tube. The X-ray tube in the embodiment has a sta- 
tionary-anode, whose power may be about 7 Watts. 
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